In order to study the mechanisms responsible for the more rapid precipitation of angina in the postprandial state, we evaluated the circulatory response to upright bicycle exercise in 12 patients with angina before and after a meal. Eleven of 12 subjects developed angina sooner after eating (average 1.3 min, P < 0.001). Comparison of circulatory responses revealed that a given amount of postprandial exercise resulted in faster heart rate (12 beats/min, P < 0.001) and greater blood pressure (6 mm Hg, P < 0.05). The product of blood pressure and heart rate (an index of myocardial oxygen demand) at onset of angina during postprandial exercise was the same as corresponding preprandial values. Our results suggest that the accelerated development of angina during exercise after meals is primarily due to a more rapid rise in heart rate and blood pressure, factors tending to augment myocardial oxygen requirements, rather than the result of a deleterious effect of digestion and absorption on myocardial oxygen delivery.
POSTPRANDIAL EXERCISE AND ANGINA PECTORIS angina. Our study was designed to explore the physiologic basis of the more rapid precipitation of angina after meals by measuring changes in an index of MVO2 prior to and precisely at the onset of angina. Since angina occurs when MVO2 exceeds the capacity of the coronary vessels to deliver oxygen, a decrease in an index of MVO2 at angina would be consistent with a postprandial reduction in myocardial oxygen delivery. Alternatively, lack of change of MVO2 index at angina after meals would tend to exclude this possibility, and would suggest instead that deterioration in postprandial exercise capacity is related to an increase in exercise-induced myocardial oxygen demands.
Unfortunately, techniques currently used to measure coronary flow preclude rapid repetitive measurements of MVO2 in patients exercising in the upright position. Studies of the relationship of MVO2 to hemodynamic variables,'2-14 however, have led to the use of the product of blood pressure, heart rate, and ejection time as an index of MVO2. 15' 16 Detailed evaluation has demonstrated that this index is invariant at onset of angina with changes in exercise load'5 or with the performance of multiple serial exercise trials. '6 This index has also been successfully applied in analysis of the physiologic basis of a variety of circumstances tending to precipitate angina'7-21 and in clarification of the action of several types of therapeutic interventions. [21] [22] [23] [24] [25] [26] The present study represents an extension of this same methodology as well as the use of a uniquely sensitive exercise testing protocol'6 to analyze another heretofore unexplained aspect of angina, namely its more rapid precipitation after meals.
Methods
Studies were conducted in 12 patients ranging in age from 31 to 61 years (median, 51). Each gave a history typical of exertional angina, and each had greater than 70% occlusion of one or more coronary arteries on cineangiography. A more complete clinical description is furnished in table 1 previously. '6 Participants in the control series were clinically very similar to those in the present study (seven patients actually participated in both studies). Patients were thoroughly familiarized with bicycle exercise in the laboratory, as in the present study, and with each exercise according to the protocol just described. Each of nine patients experienced the onset of angina after nearly the same duration of exercise even when performing as many as five bouts of exercise within a 2-hr period-the longest individual deviation in the duration of exercise to angina (subsequently called "exercise capacity") was 70 sec. On the average, exercise capacity was greater by 21 sec when the second exercise trial was compared with the first. No further change in exercise capacity was demonstrable with subsequent exercise trials. The product of blood pressure, heart rate, and ejection time at the onset of angina remained virtually unchanged for a given patient throughout the course of the serial exercise trials. The constancy of this index of MVO2 at onset of angina was equally true for each individual regardless of the absolute value of the index. These findings agree closely with results of similar exercise testing performed in another laboratory.'5 They also furnish the control data for the present study. On the basis of these data, changes in exercise capacity or in the index of MVO2 during exercise after the meal (that is, during the third or subsequent exercise trial) will be ascribed to some consequence of ingesting a meal rather than to the effects of performing serial exercise trials.
For each parameter, comparisons were made between postprandial performance and corresponding measurements made during the second preprandial exercise. Performance did not differ consistently between the first and second preprandial exercises. In evaluating postprandial changes in the circulatory response to exercise, measurements made during exercise at the onset of angina in the postprandial period were matched with corresponding measurements made during exercise after an equal amount of preprandial exercise (generally before the onset of angina). The onset of angina was never associated with an abrupt change in any of the parameters measured-selection of data a few seconds prior to the onset of angina rather than at the actual point of onset would have had no influence on the values reported.
Results
Comparison of individual performances before and immediately after a meal ( fig. 1 ) revealed a highly significant decrease in postprandial exercise capacity. Nine of the 12 patients experienced angina at least 1 min sooner. The two patients who had virtually no decrease in exercise capacity immediately after eating both exhibited decrements exceeding 1 min on repeated testing 20 min later. Four of the 12 patients showed ischemic electrocardiographic abnormalities in the monitored lead (1 min or more of flat S-T depression) when tested preprandially. In each instance the onset of ischemic changes was hastened after eating, the corresponding changes developing an average of 2.0 min sooner immediately after the meal. A similar acceleration of the onset of ischemic changes occurred in the two patients receiving digitalis and in the two not receiving digitalis. The time course of exercise capacity was followed for more than a half hour in six patients ( fig.  2 ). In each instance the decrease in postprandial exercise capacity persisted throughout the testing period with only slight evidence of recovery. Three of the patients did not attain maximum reduction in exercise capacity until A.M.
G.W. Figure 4 The product of mean blood pressure and heart rate after equal duration of exercise (left) was significantly greater immediately after the meal. Pressure-rate product at onset of angina (right) showed no consistent change. Mean differences are indicated by the circled bars.
heart rate and blood pressure after a given amount of exercise. Thus, changes in symptomatic status were paralleled by characteristic alterations in the circulation response to exercise.
Since blood pressure and heart rate are both correlated with myocardial metabolic requirements, the product of these two quantities has frequently been used as an index of myocardial oxygen demand.15 Adjustment for ejection time, which has improved the value of this index in certain situations,'5' 16 was eliminated in this instance because ejection time during exercise was found not to change after meals. The product of mean blood pressure and heart rate after equal amounts of exercise was significantly increased in the postprandial period ( fig. 4, left) . Pressure-rate product at onset of angina, however, was the same before and after the meal (fig. 4, right) . Similar results were obtained in the patients who had aortic catheterization when systolic pressure was substituted for mean pressure and when correction was made for ejection time. Thus, the postprandial state appeared to accelerate the rise in pressure-rate product and, presumably, in myocardial oxygen demands that occurred during the course of exercise. The critical pressure-rate product associated with the onset of ischemic pain, however, did not change following the meal. Consequently, this Comparison of heart rate, mean blood pressure, and (in those individuals who had aortic catheterization) ejection time while patients were seated at rest before and immediately after a meal. The mean diferences, indicated by the circled bars, are not statistically significant. postprandial period, and angina was experienced sooner.
Although changes occurred in the circulatory response to exercise following a meal, blood pressure, heart rate, and ejection time at rest were not significantly altered in the postprandial period ( fig. 5 ).
Discussion
Within 20 min following a meal, all 12 patients with angina experienced an appreciable decrease in exercise capacity, in agreement with previous clinical impressions1 and exercise testing. 2 The earlier development of ischemic electrocardiographic abnormalities associated with this decrease suggests that the acceleration in onset of pain reflects an underlying acceleration in development of myocardial hypoxia.
The changes in exercise capacity manifested in the postprandial period were accompanied by correlative alterations in the circulatory response to exercise. The most consistent change was a greater rise in heart rate when a given amount of exercise was performed after a meal, a finding in agreement with results obtained in normal individuals6' 7 and in patients with coronary disease.2 3 Blood pressure rise after a given amount of exercise was also augmented in the postprandial period, although less consistently than heart rate. A similar increase in blood pressure response has been observed in normal subjects exercising in the upright position7 but not in normal subjects exercising supine.6 In our patients, augmented blood pressure rise during exercise, when present, was associated with a larger cardiac output and a slightly diminished total peripheral resistance. On the average, however, cardiac output measured at equivalent times during postprandial exercise did not alter significantly in the four patients in whom this quantity was measured. Similarly, ejection time during exercise was unaltered in the postprandial period. Studies in normal subjects also have shown no statistically demonstrable change in cardiac output6 or in ejection time6 when exercise performed less than 45 min after a meal was compared with preprandial exercise. Lack of consistent changes in cardiac output during postprandial exercise might superficially appear inconsistent with the fourfold postprandial increase in mesenteric artery blood flow which Vatner and covorkers27 demonstrated using chronically implanted flowmeters. However, these same investigators also found that exercise markedly attenuated this increase in mesenteric flow. Thus, in some individuals (especially those with impaired circulatory function), postprandial exercise might result in a redistribution of blood flow from viscera to exercising muscles rather than an increase in cardiac output above levels attained with preprandial exercise.
Our findings indicate that diminished exercise capacity and associated changes in circulatory response to exercise persist for at least 1 hr. Prolonged alteration of circulatory parameters during exercise has also been observed in normal subjects7 with significant changes demonstrable up to 3 Such changes may reflect prolonged circulatory demands by the splanchnic bed, which have been shown to last up to 6 hr after a meal when assessed by flowmeters chronically implanted about the mesenteric artery. 27 The absence of postprandial change in heart rate, blood pressure, ejection time, and cardiac output at rest agrees with the findings of Jones and coworkers,6 who also found no significant changes at rest after a meal similar in size and composition to the meal given in this study. However, postprandial increases in heart rate, blood pressure, and cardiac output at rest have been observed by others. Because of an accelerated rise in heart rate and blood pressure, the pressure-rate product, an index of myocardial oxygen demand, was greater when any given amount of exercise was performed in the postprandial period. The pressure-rate product at angina, however, was unchanged after the meal. This critical level, presumably corresponding to that level of myocardial oxygen demand which just exceeds the oxygen transport capacity of the narrowed coronary arteries, was thus reached sooner in the postprandial period with a resultant acceleration in onset of ischemic pain. An example of these findings is shown in figure 6 .
Two mechanisms could have caused the postprandial impairment in exercise capacity: myocardial blood flow or myocardial oxygen Circulation, Volume XLIV, Jisy 1971 transport could have been reduced, or myocardial oxygen demands could have increased excessively. If a decrease in myocardial blood flow or oxygen transport played a major role in the postprandial symptomatic deterioration, pressure-rate product at angina would have diminished. The fact that pressure-rate product at angina was unchanged in the postprandial period suggests that meals probably do not alter the maximum rate of oxygen delivery to critically ischemic regions of myocardium. Our data indicate, therefore, that postprandial augmentation of heart rate and blood pressure during exercise, alterations which each independently tend to increase exercising myocardial oxygen requirements, reduce the time required for the demands of underperfused regions of myocardium to exceed their limited oxygen supply and thereby hasten the onset of ischemic pain.
Our data suggest that the current practice of treating postprandial anginal episodes with propranolol and nitroglycerin is physiologically sound. Since the more rapid precipitation of angina is mediated primarily, if not exclusively, by an accelerated rise in heart rate and blood pressure during exercise, the administration of drugs that attenuate these changes would logically be expected to reverse postprandial deterioration in exercise capacity.
